Abstract Benthic cyanobacterial mats (BCMs) have increased in abundance on coral reefs worldwide. However, their species diversity and role in nitrogen fixation are poorly understood. We assessed the cyanobacterial diversity of BCMs at four coral reef sites in Curaçao, Southern Caribbean. In addition, nitrogen fixation rates of six common mats were measured. Microscopic examinations showed 22 cyanobacterial species, all from the order Oscillatoriales. Species diversity was similar among sites despite differences in overall BCM abundance. Dominant mats were primarily composed of Hydrocoleum glutinosum, Oscillatoria bonnemaisonii or Lyngbya majuscula. However, some mats exhibited highly variable species composition despite consistent macroscopic appearance.
16S rRNA-based phylogeny revealed similar species as those identified by microscopy, with additional sequences of unicellular (Xenococcus and Chroococcidiopsis) and heterocystous (Rivularia and Calothrix) cyanobacteria. Vice versa, morphotypes of Tychonema, Schizothrix and Dichothrix were found by microscopy only. The detection of similar species at the same sites in a study conducted 40 years ago indicates that changes in environmental conditions over these years may have favored indigenous species to bloom, rather than facilitated the introduction and proliferation of invasive species. Nitrogen fixation rates of mats were 3-10 times higher in the light than in the dark. The highest areal nitrogen fixation rate (169.1 mg N m -2 d -1 ) was recorded in the cyanobacterial patch dominated by O. bonnemaisonii. A scale-up of nitrogen fixation at a site with 26% BCM cover at 7 m depth yielded an aerial rate of 13 mg N m -2 reef d -1 , which exceeds rates reported in open ocean blooms of Trichodesmium in the Caribbean. Our results suggest that
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Introduction
Coral reefs are highly productive ecosystems despite being surrounded by nutrient-poor waters (Crossland et al. 1991) . Dissolved inorganic nitrogen, next to phosphorus and iron, often limits the growth of phototrophic reef organisms (Lapointe 1997; Larned 1998; Den Haan et al. 2013 ). However, biological nitrogen fixation (diazotrophy) by cyanobacteria is an important source of nitrogen and sustains a substantial part of the reef primary production (Wiebe et al. 1975; Larkum et al. 1988; Charpy-Roubaud et al. 2001) . Therefore, cyanobacteria have been suggested to play a key role in the nitrogen cycle of coral reefs (Wiebe et al. 1975; Hallock 2005; Charpy et al. 2012) . Over the past two decades, benthic cyanobacterial mats (BCMs) have become a dominant component on many reefs worldwide (Thacker and Paul 2001; Albert et al. 2005; Paul et al. 2005; De Bakker et al. 2017; Ford et al. 2018) . Future predictions suggest that BCMs will continue to increase in abundance, as they are favored by changes in environmental conditions associated with direct and indirect anthropogenic impacts (e.g., eutrophication and overfishing) and climate change (e.g., increase in water temperature) (Hallock 2005; Paerl and Paul 2012; Brocke et al. 2015; Ford et al. 2018) . BCMs inhibit coral larvae settlement (Kuffner et al. 2006) , act as coral pathogens (Carlton and Richardson 1995) and can produce toxins that lead to selective browsing by herbivorous fish Paul 1998, 1999) . However, the impact of cyanobacterial mat proliferation on the reef's nitrogen pool is virtually unknown. BCMs have been reported to exhibit high nitrogen fixation rates on coral reefs in the Pacific (Wiebe et al. 1975; Larkum et al. 1988; Charpy et al. 2007 Charpy et al. , 2010 up to 71.7 mg N 2 m 22 d 21 ) and Indian Ocean (Bauer et al. 2008; Casareto et al. 2008; up to 97.0 (Luo et al. 2012 ). Saharan eolian dust provides an ample supply of iron to Caribbean diazotrophic organisms on a yearly basis (Roff and Mumby 2012) . Since iron is an essential element in the nitrogenase enzyme responsible for nitrogen fixation, periodic eolian dust input is likely to fuel Caribbean nitrogen fixation and could be, at least in part, responsible for the relatively high nitrogen fixation rates reported in BCMs in the Caribbean.
Though quite a few studies have estimated the nitrogen fixation rates of benthic cyanobacteria on coral reefs (for example, see Table 5 in Den Haan et al. 2014 ), the reported rates are often expressed based on the macroscopic appearance of the cyanobacterial community. This is problematic, as the cyanobacterial community within a mat or even a solitary tuft can be highly diverse, and as a consequence, BCMs that have a similar macroscopic appearance might have very dissimilar nitrogen fixation rates. Here, we investigated the cyanobacterial diversity and nitrogen fixation rates of multiple BCMs on the coral reefs of Curaçao. We chose Curaçao, as BCMs can cover large areas of the seabed on this island, most likely as the result of increased nutrient runoff from urbanized areas (Brocke et al. 2015; Den Haan et al. 2016) . In this study, we (1) compared the cyanobacterial diversity of BCMs at four reef sites that differed in total BCM abundance, (2) studied the species composition of six common BCMs that exhibited a distinctive macroscopic appearance and (3) investigated the nitrogen fixation rates of one patch of each of the six common BCMs over a diel cycle. Furthermore, we (4) estimated the total nitrogen fixation potential of BCMs at the reef-wide scale.
Materials and methods

Benthic surveys and sample collection
This study was conducted between October and December 2010 on the fringing reefs of the island of Curaçao, Southern Caribbean. We studied two sites with high BCM abundance, Pest Bay (PB) and Buoy 0 (BY), and two sites with low BCM abundance, Cap Malmeeuw (CM) and Spanish Waters (SW), all located along the south leeward coast (ESM Fig. 1 ). All sites are characterized by a ca. 100 m wide reef terrace that gradually slopes toward a drop-off at ca. 10 m depth. The reef slope (20°-30°) extends to a second (ca. 40 m depth) terrace. The island is exposed to all-year-around trade winds running from east to west (van Duyl et al. 2002) . Oceanic currents generally flow westwards at ca. 50 cm s -1 (Gast et al. 1999) . The island has a semiarid climate with a cold/dry season from February to September and a warm/rainy season from October to January (http://www.meteo.an). Seasonal fluctuations in water temperature are ca. 3°C (* 26-29°C), with ca. 0.5°C daily fluctuations (Brocke et al. 2015) . The island is surrounded by a belt of Quaternary and Neogene limestone (Hippolyte and Mann 2011) . Sediments are very permeable (ca. 2.4 9 10 -10 m 2 permeability; Brocke et al. 2015) . The coverage of BCMs and other major benthic components (i.e., corals, sand, algae, sponges and others) was determined at 3, 7, 10, 20 and 30 m depths using 25 quadrats of 1 m 2 per depth at each site. Visual assessments were made to the nearest percentage with the help of crossintersects forming a 5 9 5 grid inside the quadrat. Six BCMs, subsequently used in the nitrogen fixation experiment (see below), were recorded separately based on their color and structure ( Fig. 1 ; macroscopic description in ESM). They were selected, as they were the most abundant at our sites and typically formed large-sized ([ 200 cm 2 ) patches ( Fig. 1) .
All BCMs (i.e., distinct patches) within the first 12-15 quadrats at each depth and site were sampled by hand picking (1-2 cm 2 of mat surface per sample) and placed inside individual Falcon tubes (60 ml). Their mat type was recorded (macroscopic description in ESM). Tubes were shaded and immediately transported back to the laboratory inside a cooling box filled with ambient seawater (* 29°C). In the laboratory, each sample was separated in two subsamples: (1) a subsample fixed with 4% formaldehyde (w:v) solution for morphological analysis and (2) a subsample frozen at -20°C for molecular analysis (see below).
Morphological analyses
Genus or species of each mat sample were identified using direct microscopy. The phenotypic identification was performed using a Zeiss Axioskop 40 microscope on which a Zeiss camera (AxicCam ICc1) was mounted. Using the computer program Axiovision (Carl Zeiss, Jena, Germany), we determined morphological features such as sheath, calyptras, end cell morphology, cell sizes (n = 50 per sample) and proportions and degree of constriction at cross-walls. Subsequent taxonomic identification of the cyanobacterial species was based on the identification keys of Komárek and Anagnostidis (2005) and Komárek and Hauer (2010) . The relative abundance of each genus or species within each sample was scored on a semiquantitative scale (0: 0%, 1: 1-19%, 2: 20-39%, 3: 40-69%, 4: 70-89%, 5: 90-100%) after screening 3-5 subsamples.
Molecular analyses
Extraction of DNA was successfully performed from 62 mat samples according to Zhou et al. (1996) . PCR amplification was done using the cyanobacteria-specific primers CYA359F and CYA781R (Nübel et al. 1997) , with 40 nucleotide GC-clamps. DGGE was carried out on 16S rRNA gene amplicons according to the protocol as described by Muyzer and Smalla (1998) . Amplified PCR products were loaded on a Dcode DGGE system (Bio-rad, Hercules, USA) with a linear gradient of 30-65% of urea and formamide. Electrophoresis was performed for 4 h at 200 V and 60°C. Staining of nucleic acids was performed in 1% SYBRGold Nucleic Acid Stain (Molecular Probes, Eugene, USA), and dominant bands were excised and sequenced. DNA re-amplification for sequencing was performed using the initial primers without GC-clamp at the same cycling conditions. PCR products were purified from contaminants using the MiniElute PCR purification kit (Qiagen, Hamburg, Germany). Sequencing was performed using the BigDye Ò Terminator v3.1 Cycle sequencing kit (Applied Biosystems, Carlsbad, USA). Products from the sequencing reactions were purified using the Agencourt CleanSEQ kit (Beckman Coulter Genomics, Danvers, USA). Sequences were retrieved using a 31309 Genetic Analyzer (Applied Biosystems, Carlsbad, USA). Sequence data were processed using the CLC main workbench software version 6.0.2 (CLCbio, Aarhus, Denmark). Ambiguous bases in all sequences were resolved manually.
Obtained sequences were aligned and analyzed using the ARB software version 071207 (Ludwig et al. 2004 ) and the official SILVA database (http://www.arb-silva.de) for small subunit RNA sequences (SSURef_NR99_115_SILVA_20_07_13_opt.arb) (Pruesse et al. 2007 ). Complete cyanobacterial 16S rRNA gene sequences available from GenBank were imported and aligned to the sequences in the ARB database. To evaluate the consistency of computed tree topologies, subsets of data were analyzed using various algorithms as follows. A variety of single and multiple out-group sequences representing phylogenetically diverse organisms were included in the analysis. To assess the influence of the most variable nucleotide positions, they were excluded from some calculations by applying filters based on character frequency (ARB manual). The obtained cyanobacterial forward and the reverse complementary of the reverse sequences obtained were aligned against each other in order to obtain consensus sequences. These sequences were then aligned with the sequences in the ARB database using the alignment ARB tool. The alignment was corrected manually. Phylogenetic trees were calculated by applying the three different methods integrated in the ARB software namely maximum likelihood (ML) method, maximum parsimony and neighbor joining, based on long 16S rRNA gene sequences ([ 1300 bp). The ML tree was finally selected for presentation because of its stability. Partial sequences obtained in this study were inserted into the tree using the Coral Reefs parsimony ARB tool, while maintaining the overall tree topology without changes. The 16S rRNA gene sequence of E. coli was used as out-group.
Nitrogen fixation experiment
One large-sized ([ 200 cm 2 ) patch from each of the six mats ( Fig. 1) was assessed for nitrogen fixation using the acetylene reduction assay (ARA). Patches were sampled at the site and depth where mats were most frequently encountered. Pieces of ca. 200 cm 2 of mat surface were scooped with a spade, placed into individual large buckets, transported in the dark back to the laboratory and immediately used for experiments. Furthermore, we collected in situ seawater using Plexiglas tubes (5.3 L).
Back to the laboratory, the in situ seawater was filtered using 0.22 lm Whatman cellulose acetate membrane filters. Incubation experiments were simulated under natural conditions over a diel cycle according to Montoya et al. (1996) . Nine pieces of 1 cm 2 of mat surface were haphazardly stamped out of each patch and placed inside individual 38 ml gas-tight serum bottles. The bottles were incubated in a flow-through aquarium. This aquarium was connected to a water pump that provided continuous water flow to ensure a similar temperature in the aquarium as on the reef (27-29°C). Light intensity and temperature during the incubations were recorded with a UA-002-08 data logger (Onset Computer Corporation, Pocasset, USA). Light intensities (lux) were converted to the availability of photosynthetically active radiation (PAR) using the equation: 1 mmol quanta (400-700 nm) m s -1 = 51.2 lx (sensu Valiela 1984) . The average light intensities (± SEM) in the laboratory around noon (1150-1210 h; sampling intervals 1 min; averaged over all incubations) were 201.6 ± 27.9 lmol photons m -2 s -1 for the incubated cyanobacterial mats originating from 7 m depth and Coral Reefs 90.9 ± 4.3 lmol photons m -2 s -1 for the mats originating from 20 m depth. These light intensities were similar to those reported during sunny days at 7 and 20 m depths at Buoy 0 by Den Haan et al. (2014) .
Incubations lasted for 24 h, starting at 1830 h (sunset) and ending at 1830 h the next day. Due to constraints in the volume of gas that could be withdrawn from each bottle, three incubation sets for each mat were used. Each incubation set for each mat consisted of three 1 cm 2 mat pieces (n = 3 replicates) and one control, with no biological material added to the seawater. 4.5 ml of high purity acetylene gas (Linde Gas, Willemstad, Curaçao) was added to the headspace (13 ml) at 1830 h with a gas-tight syringe. The first set was sampled during the night (1830-0630 h), while the second and a third kept in the dark were sampled during the day (0930-1800 h). A 1-ml gas sample was taken from each replicate and each control every 3 h with a gas-tight syringe. The gas then was injected into 6 ml Vaccuetes Ò (Greiner Bio-One, Frickenhausen, Germany) filled with a saturated sodium chloride solution in order to properly conserve the sample until further analysis. Ethylene production was measured by injecting 0.2 ml of headspace gas into a gas chromatograph with flame ionization detector (HRGC-4000 A, Konik, Sant Cugat del Vallès, Spain) (Stewart et al. 1967) .
After the incubation experiment, chlorophyll a was extracted from the incubated patches with pure methanol and concentrations were subsequently measured spectrophotometrically according to Porra et al. (1989) . Nitrogenase activity was calculated according to Capone (1993) , and results are presented as rates normalized to chlorophyll a content (phototrophic biomass) as well as surface area (m 2 ). Nitrogenase has a threefold-fourfold higher affinity toward acetylene in comparison with dinitrogen (Montoya et al. 1996) ; therefore, we used a conversion factor of 4 as described previously by Peterson and Burris (1976) . In addition, genus or species of each patch (piece of 1 cm 2 ) were sampled and identified using direct microscopy as described above.
Statistical analyses
Differences in species abundance in mat samples were formally tested using a one-way permutation-based analysis of variance (PERMANOVA, Anderson 2001) based on unrestricted permutations of the raw untransformed abundance score data pooled across all site 9 depth combinations, and mat type as a fixed factor. Given the low number of possible permutations in the individual pairwise tests, we used the Monte Carlo asymptotic p values. Principal coordinates analysis (PCO) was used to visualize the data in two dimensions. Species contributing to differences between mat types were identified based on the strength of their Spearman correlations with the PCO axes. Analyses were performed in PRIMER 6 and PERMANOVA ? statistical package (Anderson et al. 2008) .
Frequencies of morphotypes in mat samples were then averaged for each depth 9 site combination with frequency taken as the midpoint of the respective semiquantitative scale. The Shannon Index was used to determine whether the diversity of the cyanobacterial species was comparable between all studied sites. We used an analysis of covariance (ANCOVA) with BCM site abundance (i.e., high/low) as a fixed factor and depth as a covariate to determine whether species richness differed between sites with low and high mat cover, and whether species richness within the mats was affected by depth.
Since only one patch from each of the six mats was assessed for nitrogen fixation and the pieces of 1 cm 2 of mat surface sampled from each patch constitute ''pseudoreplicates'' (sensu Hurlbert 1984) , nitrogen fixation data were not amenable to statistical analysis.
Results
BCM general description and cover
BCMs were detected on both hard substrates (incl. coral skeleton, turfs and macroalgae) and carbonate sediment patches. Mat structures ranged from soft gelatinous masses (ca. 3-6 mm thick) to firmer tufts (ca. 0.5-20 cm thick). BCMs exhibited a range of different colors, including brown and violet mainly in the upper 10 m of the reef (Fig. 1a, c, f) , to orange or red deeper down (Fig. 1b, d, e) . The sites PB and BY had the highest total BCM cover (15.7% and 10.8% of the quantified area, respectively, averaged across all five depths), whereas benthic mats at the sites CM and SW remained largely inconspicuous (\ 1% at all five depths) (Fig. 2) . At PB and BY, BCMs were more abundant in the upper 10 m of the reef than in the deeper parts of the reef (i.e., 20 and 30 m depths). Conversely, total coral cover, averaged across all depths, was higher at CM and SW (36.2 and 52.4%, respectively) than at PB and BY (13.5 and 12.4%, respectively) (Fig. 2) . At PB, the light brown mat (referred to as 'brown shade,' Fig. 1a) , the 'orange mat' (Fig. 1b) and the dark 'brown mat' (Fig. 1c) was dominant at 3 and 7 m depths (ESM Fig. 2 ). Deeper down (B 10 m), the 'red mat' (Fig. 1d ) and the 'red hairy' mat ( Fig. 1e) became predominant. At BY, trends were similar but the 'orange mat' was present deeper down (10 and 20 m). At the low BCM abundance sites, the mats that dominated the high BCM abundance sites were absent or rare. The 'purple tuft' mat was encountered at a relatively low abundance at all sites, except PB.
Morphological diversity
A total of 478 mat samples were morphologically characterized (ESM Table 1 ). Each sample was frequently dominated ([ 70%) by a single cyanobacterial species, although other minor species were also observed. Pooling samples across all site x depth combinations, 22 different cyanobacteria was identified to genus or species level based on their microscopic features (Fig. 3 ). Samples were dominated by filamentous non-heterocystous cyanobacteria of the order Oscillatoriales. Major mat-building species belonged to the genera Hydrocoleum, Lyngbya, Phormidium, Symploca, Oscillatoria, Tychonema, Schizothrix, Pseudanabaena and Dichothrix. PERMANOVA indicated significant differences in species composition among visual types (Pseudo-F = 11.63, Pperm \ 0.001; ESM Table 2 ; ESM Fig. 3 ). Almost all mats were significantly different from each other (Monte Carlo pairwise tests, p \ 0.05; ESM Table 3 ). Three types were dominated by one cyanobacterial species. The 'brown shade' mat (Fig. 1a) was mainly composed of H. glutinosum (* 70%) and O. bonnemaisonii (* 30%). O. bonnemaisonii was the dominant cyanobacterium forming the thick dark 'brown mat' (Fig. 1c) . The 'red hairy' mat ( Fig. 1e) was consistently dominated by L. majuscula, but several other minor species were also present. In contrast, no dominant species were consistently detected in the 'orange mat' (Fig. 1b) , the 'red mat' (Fig. 1d ) and the 'purple turf' (Fig. 1f) . These three mats displayed a high variability in species composition.
The average cumulative number of species as a function of the number of samples for each visual mat type showed a plateau-shaped function (ESM Fig. 4) , indicating that the number of samples was appropriate to document the absence or presence of each species.
When abundance data were expressed as the midpoint of the respective semiquantitative scale and pooled across all site x depth combinations, the species Lyngbya majuscula was most frequently observed within the mat samples (15.5%), followed by Hydrocoleum glutinosum (12.7%) and Symploca hydnoides (11.2%). When data were averaged across each site 9 depth combination (Fig. 4) , L. majuscula exhibited its highest abundance at 20 and 30 m depths at the sites PB and BY, whereas H. glutinosum was more abundant at 3 and 7 m depths. The abundance of the cyanobacterium S. hydnoides averaged across all depths was slightly higher at the CM and SW sites compared to PB and BY sites (16 and 15% vs. 9 and 5%, respectively). The cyanobacteria Oscillatoria spp., O. bonnemaisonii and Dichothrix utahensis could be detected at all sites, except the SW site. O. bonnemaisonii exhibited its highest abundance (14.7%) at the PB site at 7 m depth. The diversity of dominant cyanobacterial species was comparable at all sites (ESM Table 1 ), and no significant differences in species richness could be found between the sites with low and high mat cover (ANCOVA: F 1,17 = 0.591, p = 0.452). Species richness within the mats was also unaffected by depth (ANCOVA: F 1,14 = 0.947, p = 0.466). Fig. 3 Microscopic photographs of all found morphotypes: a Lyngbya majuscula, b Hydrocoleum glutinosum, c Phormidium formosum, d Phormidium nigroviride, e Lyngbya semiplena, f Trichocoleus acutissimus, g Dichothrix utahensis, h Pseudanabaena spp., i Schizothrix spp., j Lyngbya aestuarii, k Lyngbya spp., l Symploca hydnoides, m Lyngbya sordida, n Phormidium spp., o Symploca atlantica, p Trichocoleus spp., q Oscillatoria spp., r Oscillatoria bonnemaisonii, s Oscillatoria funiformis, t Tychonema sp.2, u Phormidium corium, v Tychonema sp.1 Fig. 4 Frequency of morphotypes as identified by microscopy (see Fig. 3 for full names) in mat samples at the four study sites (PB, Pest Bay; CM, Cap Malmeeuw; BY, Buoy 0; SW, Spanish waters) and five depths (3, 7, 10, 20, 30 m) . Underlined names belong to most prominent species in cyanobacterial mats with a size class over 20 cm Phylogenetic diversity DGGE in most cases displayed multiple bands (2-5), indicating the co-dominance of more than one cyanobacterial species in each sample (ESM Fig. 5) . A total of 137 good quality sequences were obtained from DGGE bands, and these sequences were phylogenetically affiliated to different species of unicellular and filamentous cyanobacteria (Fig. 5) . A large fraction of the sequences (total 33) was related to thin filamentous cyanobacteria of the genera Phormidium, Leptolyngbya and Pseudanabaena. These sequences were encountered in mats from all four sites. Sequences related to Symploca spp. constituted 13% of retrieved sequences and were only detected at BY and CM sites. Sequences belonging to unicellular cyanobacteria were detected at PB, BY and SW sites and were affiliated to the genera Xenococcus and Chroococcidiopsis. A single sequence closely related to Spirulina subsalsa was exclusively found at the BY site. Sequences related to known heterocystous cyanobacteria of the genera Rivularia and Calothrix were only encountered at the PB and BY, but not at the SW and CM sites. While 4 sequences obtained from the PB site fell phylogenetically close to Oscillatoria spongeliae, another 14 obtained from the other sites (i.e., BY, CM and SW) fell close to the sequence of Oscillatoria margaritifera. Hydrocoleum-related sequences were also retrieved from all sites, except the CM site, and were closely affiliated to sequences of the species H. lyngbyaceum and H. glutinosum. Mats from all sites generated sequences related to the genus Lyngbya.
Overall, the 16S rRNA phylogenetic affiliation with cyanobacterial taxa was in good agreement with microscopic identifications, especially for dominant phenotypes. Most of the cyanobacterial genera encountered by direct microscopy, such as Lyngbya, Oscillatoria, Hydrocoleum, Phormidium and Symploca, were consistently detected using 16S rRNA-DGGE. However, additional genera such as Leptolyngbya, Spirulina, Rivularia and Calothrix could only be detected using the molecular technique. Vice versa, morphotypes of Tychonema, Schizothrix and Dichothrix were found by microscopy only.
Nitrogen fixation
All incubated cyanobacterial patches fixed nitrogen with rates 3-10 times higher during light periods than in the dark (Table 1 ). The highest rates were measured in the morning between 0930 and 1230 h, except for the patch from the 'brown mat' (Fig. 1c) , where the highest rate was detected at 1430 h (ESM Fig. 6 ). The estimated areal nitrogen fixation rate was highest for the patch from the 'brown mat' and was estimated at 169.1 mg N m -2 d -1 . Next came the patches of the 'orange mat' (Fig. 1b) and 'brown shade' (Fig. 1a) Table 2 ). Since these two mats were consistently dominated by one cyanobacterial species and made up [ 90% of the total BCM cover at 7 m depth at PB (ESM Fig. 2) , we multiplied the areal N 2 fixation rates estimated from their patches by their respective cover and obtained an estimated total N 2 fixation potential by BCMs of 13 mg N m -2 reef d -1 at this specific site and depth.
Discussion
The cyanobacterial mats of Curaçao harbored a large variety of cyanobacterial species, as revealed by microscopy and molecular tools. An advantage of the morphological analyses is that it enabled us to compare the current cyanobacterial diversity with that observed in the same coral reef more than 40 years ago (Van den Hoek et al. 1975; Vooren 1981) . Interestingly, most of the identified cyanobacteria in our microbial mats were also identified in the previous studies as part of turf communities, including L. majuscula, L. sordida, Phormidium sp. and O. bonnemaisonii (Van den Hoek et al. 1975; Vooren 1981) . This indicates that changes in environmental conditions over the past 40 years may have favored existing cyanobacterial species to bloom, rather than may have introduced invasive species of cyanobacteria into the ecosystem. The 16S rRNA phylogenetic affiliation with cyanobacterial taxa did not always match with microscopic identifications and vice versa. This discrepancy between microscopic and molecular tools is well documented (Abed and Garcia-Pichel 2001; Palinska et al. 2012) . The main reasons for that are: (1) cyanobacteria are notoriously difficult to identify using morphology; (2) the identity and distribution of the obtained sequences relies on names of mostly cultured organisms, or relate to uncultured and unnamed sequences; and (3) both microscopic survey and the molecular data based on studies of field populations are expected to represent microbial composition present at the moment of the sampling. However, the DNA data do not recognize whether these organisms were active or dormant nor whether the molecules are even autochthonous. Thus, the diversity of field populations based on DNA analyses may be a cumulative rather than an instantaneous record of a particular sampling site. In our study, we detected with molecular tools many sequences related to thin filamentous cyanobacteria (e.g., Phormidium, Leptolyngbya, and Pseudanabaena). These genera lack conspicuous morphological features and are often mis-identified by microscopy. In contrast, it will be comparatively more difficult to get DNA out of some of the easily morphologically detected cyanobacteria (like Hydrocoleum and Lyngbya) that are big in size, and this will give the chance to minor cyanobacteria to be amplified by PCR (i.e., preferential amplification; Palinska et al. 2012 ). This underlines the need to combine different techniques to study cyanobacterial diversity in order to circumvent the limitations associated with each technique (Abed and Garcia-Pichel 2001; Abed et al. 2003) .
Most of the detected cyanobacterial species and phylotypes described in this study have also been documented in Table 1 Nitrogen fixation rates (mean ± SEM, n = 3) per biomass and area of incubated cyanobacterial patches. Rates are converted from ethylene production to nitrogen fixation using a factor of 4 according to Peterson and Burris (1976) Patch Dominant cyanobacteria other coral reefs in the Pacific and Indian Ocean (Abed et al. 2003; Thacker and Paul 2004; Charpy et al. 2010 Charpy et al. , 2012 . Interestingly, microbial mats from these coral reef systems as well as from Curaçao have often been dominated by a single cyanobacterium (Abed et al. 2003; Thacker and Paul 2004; Charpy et al. 2010 Charpy et al. , 2012 . At the four studied sites, the large-sized patches were mainly dominated either by Hydrocoleum glutinosum, Oscillatoria bonnemaisonii or Lyngbya majuscula. In recent years, similar mass occurrences of Lyngbya, including L. majuscula, have been reported around the world (Thacker and Paul 2001; Albert et al. 2005; Paul et al. 2005; Charpy et al. 2012; Paerl and Paul 2012) . Hydrocoleum spp. and O. bonnemaisonii have also been detected in high abundance in microbial mats from La Reunion and Tikehau Atoll (Charpy et al. 2007 (Charpy et al. , 2010 . O. bonnemaisonii and H. glutinosum are known to occur in shallow tropical coral reefs growing mostly on carbonate sediment (Charpy et al. 2010) , as observed in this study. Both species have the ability to form multi-filamentous structures enabling them to be pioneer organisms of unstable sediments (GarciaPichel and Wojciechowski 2009). The filamentous cyanobacteria belonging to the genus Hydrocoleum are among the most common mat-forming cyanobacteria in tropical oceans (Abed et al. 2003 (Abed et al. , 2006 . These cyanobacteria have been shown to be a major contributor to nitrogen fixation in tropical oceans and to share a common evolutionary origin with the planktonic Trichodesmium species (Abed et al. 2006; Charpy et al. 2010) . Members of the genus Lyngbya and other benthic cyanobacteria have been intensively studied with regard to their production of toxins, which enables them to survive grazing pressure by herbivores (Thacker et al. 1997; Nagle and Paul 1999; Thacker and Paul 2004) . Interestingly, the species composition analyzed by light microscopy did not always correlate with the macroscopic appearance of the mat. Some mats, although visually identical in color and structure, exhibited a high variability in species composition and dominant species. This may be due to a similar pigment composition across various species, which are exposed to similar environmental conditions, such as light and nutrient availability (Riethman et al. 1988 ). All incubated cyanobacterial patches exhibited an ability to fix nitrogen at higher rates during the day than during the night. This indicates that most of the nitrogen fixation was performed by phototrophs, most likely cyanobacteria . The cyanobacteria O. bonnemaisonii, H. glutinosum. and L. majuscula, which dominated large-sized mats, have previously been shown to fix nitrogen in cultures or to be associated with a nitrogen-fixing microbial mat community (Elmetri and Bell 2004; Charpy et al. 2010 Charpy et al. , 2012 . Non-heterocystous Oscillatoriales species are thought to separate the incompatible reactions of oxygenic photosynthesis and nitrogen fixation on a temporal basis, fixing mainly at night when oxygen concentrations are low (Bergman et al. 1997) . However, studies on marine microbial mats demonstrated that nitrogen fixation is stimulated by light and phototrophic microorganisms are actively involved Stal 2008, 2010) . Stal (2012) described a Type III group of aerobic N-fixers that can combine photosynthesis and nitrogen fixation. This group comprises non-heterocystous filamentous and unicellular cyanobacteria and possesses the capacity of inducing nitrogenase and growing diazotrophically under fully aerobic conditions. In microbial mats, aerobic nitrogen-fixing non-heterocystous cyanobacteria belong predominantly to the genera Oscillatoria and Lyngbya. These genera are morphologically and phylogenetically closely related to Trichodesmium spp., which are known to fix nitrogen during the day (Capone et al. 1990 ). Our diurnal nitrogen fixation measurements are consistent with this hypothesis. This pattern has also been observed in cyanobacterial mats and turf communities in other coral reef systems (Wiebe et al. 1975; Charpy-Roubaud et al. 2001; Charpy-Roubaud and Larkum 2005; Charpy et al. 2007; Den Haan et al. 2014) .
Our measured nitrogen fixation rates ranked among the highest reported so far, when compared to all published rates from other coral reef ecosystems (as a comparison, see Table 5 . This supports the accuracy of our measurements. When the nitrogen fixation rates were scaled up at 7 m depth at PB, where the cyanobacterial mats had a homogeneous composition of O. bonnemaisonii and H. glutinosum (i.e., Mats C and A in Table 1 ), gross areal nitrogen fixation rates amounted to approximately 13 mg N m -2 reef d -1 . This value is higher than what was estimated for the shallow lagoon of La Reunion Island heavily colonized by mats (2 mg N m -2 lagoon d -1 ) (Charpy et al. 2010) , One Tree Reef in the southern Great Barrier Reef (2-4 mg N m -2 reef d -1 ) (Larkum et al. 1988) , the lagoon of Tikehau atoll, French Polynesia (1-8 mg N m -2 lagoon d -1 ) (Charpy-Roubaud et al. 2001; Charpy-Roubaud and Larkum 2005) and the reef of Enewetak Atoll (0.5 mg N m -2 reef d -1 ) (Wiebe et al. 1975 ). The observed rate was even slightly higher than the areal nitrogen fixation measured in open ocean blooms of Trichodesmium in the Caribbean (2.59-9.78 mg N m -2 -d -1 ) (Carpenter and Price 1977; Karl et al. 1997) . In spite of that, it should be kept in mind that the nitrogen fixation rates used to produce reef-wide estimates of nitrogen fixation were calculated using only one patch per mat. We have no data on the variability between patches within a given mat; thus, these estimations should be treated with caution. Furthermore, nitrogen fixation rates will most likely vary throughout the year due to seasonal changes in light, temperature and nutrient/organic matter availability. Our study was conducted during the warm/rainy season. The combination of elevated temperature and high precipitation is likely to provide ideal growth conditions for the mats and increase their nitrogen fixation rates during this period. Thus, the rates found in this study might represent seasonal peaks for Curaçao.
On an annual basis, the Caribbean basin receives hundreds of millions of tons Saharan dust with bound iron particles (Jickells 1999; Petit et al. 2005) . Roff and Mumby (2012) hypothesized that Saharan dust offsets the ironlimited productivity of benthic algae in the Caribbean, which may also hold true for benthic cyanobacteria. This may lead to higher nitrogen fixation rates, as iron is a vital constituent of the nitrogen enzyme responsible for atmospheric nitrogen fixation (Howard and Rees 1996; Rees et al. 2005) . Similarly, the higher nitrogen fixation rates reported thus far in Curaçao could be, at least in part, explained by the eolian iron input. Another factor that may augment nitrogen fixation rates of BCMs in the Caribbean basin is coastal eutrophication. Charpy et al. (2012) reported that on the islands of Mayotte, Tulear and La Reunion, coastal eutrophication favored bloom-forming cyanobacterial mats that were capable of fixing vast amounts of atmospheric nitrogen. Continued cyanobacterial but also algal proliferation will further degrade coral reefs (Ford et al. 2018 ) and has been reported to increase the reef's sediment with organic matter (Barott and Rohwer 2012 ). This in turn will fuel benthic cyanobacterial mat proliferation (Brocke et al. 2015; Ford et al. 2018 ) and augment its nitrogen fixation potential (Hanson and Gundersen 1976; O'Neil and Capone 1989; King et al. 1990 ). Ultimately, this could result in an undesirable positive feedback that will promote the proliferation of cyanobacterial mat abundance and consequently accelerate coral reef degradation.
